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Transverse Compressive Stress Effect in
Y-Ba-Cu-O Coatings on Biaxially
Textured Ni and Ni-W Substrates

N. Cheggour, J. W. Ekin, C. C. Clickner, D. T. Verebelyi, C. L. H. Thieme, R. Feenstra, A. Goyal, and M. Paranthaman

Abstract—Electromechanical properties of yttrium-barium-  of devices made of these tapes. Hence, the study of their
copper-oxide (YBCO) coatings on bothpure Ni and Ni-5at.%W  electromechanical properties is crucial to both guide conductor

alloy rolling-assisted, biaxially-textured substrates (RABITS) geyelopment and provide critical data for the design of specific
were investigated. The effect of transverse compressive stress

on transport critical-current densities (J.) was measured on f';lppllcatlons [1], [10]-[15]. When a power-transm'lssmn qable
samples at 76 K and self magnetic field. Transverse compressivelS bent, each tape element is subjected to bending strain and
stress can significantly degradeJ, in YBCO deposited onpure also to transverse compressive stress as the tapes in the different
Ni RABITS unless sufficient frictional support is provided to the |ayers of the cable are pushed against each other and against the
%"inmtﬂg c?trhgr]eh:ggStr":;ilti: c?ti:::i% e% %ﬁ%g@gegwgmtrg;u&e\x/t wall of the conduit. Also in magnet applications, the Lorentz
alloy RABITS show ’that the tolerance to transverse stress of these force applied to the windings .radlally.producles a hoop stress
conductors is significantly improved. These electromechanical that can transform both to axial tensile strain and transverse
properties are interpreted with scanning-electron micrographs of compressive stress in the tapes. In this work we present
the microstructure of the samples after electromechanical testing, experimental results on the effect tthnsverse compressive
as well as stress-strain chf'aract.eristics measured ’on RABITS gtress onJ, obtained in YBCO films deposited quure Ni and
substrates at 76 K. The tensile yield strength, Young's modulus, \; 5o o6\ alloy RABITS. The microstructure of the samples
and proportional limit of elasticity of candidate RABITS substrate - . . .
materials are tabulated and compared. after electromechanical testing reveals cracking of the ceramic
» . films due to application of stress. We also report stress-strain
Index Terms—Coated conductors, critical current density, e . . .
mechanical properties, microstructure, RABITS, strain, stress, characteristics  of ) Candldate RAB'TS substrate materials
Y-Ba-Cu-O. (annealed pure Ni, Ni-13at.%Cr, Ni-3at.%W-2at.%Fe, and
Ni-5at.%W) and compare their tensile yield strength, Young’s
modulus, and proportional limit of elasticity at 76 K. These
|. INTRODUCTION results provide insight into the role played by the mechanical
IGHLY textured yttrium-barium-copper-oxide (YBCO) properties of the substrate in determining the electromechanical
films deposited on buffered, flexible, metallic substrate@roperties of these conductors, as well as provide a preliminary
exhibit critical-current densities.J{) that are in excess of comparison of the effect of transverse stress on YBCO coatings
1 MA/cn? at liquid-nitrogen temperature and self magnetien pureNi versus Ni-5at.%Walloy substrate materials.
field [1]-[3]. These coated conductors may therefore poten-
tially be used in the construction of electrical devices such as Il. EXPERIMENTAL PROCEDURE

underground power-transmission lines, transformers, motorsy;i and Ni-5at.%W rods were thermomechanically processed
generators, and magnetic separators. Strong grain alignmgNtpiain hiaxially textured substrates [16], [17]. Buffer layers
is essential for achieving such high values/ofl4]-[9]. ThiS \ ere grown on the substrates by reactive evaporation and
requirement can be met by using, for example, rolling-assistgg: magnetron sputtering. Thereafter, the YBCO layer was
biaxially-textured substrates (RABITS) [2], [3] or ion'beam'a%eposited on the buffered substrates using ekesitu BaF,
sisted deposition (IBAD) [1]. Since the ceramic coatings,qthod [18], [19]. Samples with pure Ni (Samples 1 to 3) had
are inherently brittle, the tolerance of the coated Conducmé%tructure, from outside in, of YBC{TeO,| yttria-stabilized
to mechanical stresses can affect the ultimate performar}‘?ﬁconia(YSZﬂCeOA Ni [16]. Samples 4 and 5 incorporated a
Ni-5at.%W substrate and had an architecture of YBC@G,|
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The coated-conductor samples had a width of about 3 mm 2 141 T " v Same 1
4 mm and a length of about 2.5 cm. All the results reporte £ orelery osaing mode: Samele
here were obtained on samples with an initial critical-currerg 1.0 "8°°m°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°°° ]
density on the order of 1 Mfcm? at 76 K, measured with an ‘qc'; °
electrical-field criterion of 1V /cm in self-field. E09F o 1
. °°°°

The apparatus for measurinfy vs. transversestress ¢r) © o
has been described by Ekin [20]. Two copper leads and a p. § 08} 0% 00000 ]
of voltage taps were soldered to the sample. The sample wE 0%%00
mounted onto a flat stainless steel block (bottom anvil) locateS 0.7 ¢ 9%, ]

© Ni thickness = 50 ym °°°°°ooo°°

at the bottom end of the apparatus. The current leads were 1§ YBCO thickness = 0.3 ym / 00000
signed and soldered to the apparatus in such a way that (® 0.6 | 6k, self field ' *
copper lead was stationary and the other was free to flex [2:5 E,= 1 uViem Load-unioad mode; Sample 2
The flexible copper lead ensured that the sample was stress-fZ 0.5 0 * 4‘0 alo 1é0 1(‘30

during the cooling of the apparatus from room temperature
the operating temperature. The top anvil, also flat and made Transverse Stress (MPa)
stainless steel, was attached to the probe via a biaxially gimbaled _ _ _ _
pressure-foot so that this anvil conformed to the sample afig 1. Effect of transverse stress dnin YBCO films onpureNi RABITS.

. . e results obtained in two modes of measurements illustrate the role played by
b_ottom a_nV|I surfaces. The Igad was transmitted to the samp|gion between the sample and the pressing anvils.
via a stainless steel rod, which was attached at the top end of
the probe to a calibrated 13 kN load cell to measure the forcx 1.1 T T . T
applied to the sample. Measurements were carried out in liqu 2 zinv:/p::isc:n:r:: =7 :ar:ﬂca'ed

nitrogen at 76 K. Voltage-current curves were taken as a fund 41 W.u.uu.“................. .

tion of ar up to 180 MEa in_self-figld,. and values df were ‘g Veé¥Penntaggte®ececees
determined at an electrical-field criterion ofyd/ /cm. Uncer- £ - “ ]
.. . 35 0.9 o Aana atas,, . .
tainties in the measurements.6f andor were about 1% and O %000 / a
2%, respectively. © ©, Sample 3; work-hardened
p Y o 0.8 | °°°°°°°°°° Ni thickness = 50 um ]

The apparatus for measuring stress-strain characteristics W& oo
constructed to investigate very soft substrates [22]. The prt‘t’, ° °°°°°°
cedure for mounting samples in the apparatus was adapted @ ~ 0-7 [ | @ i mode 20090000,
avoid work-hardening the substrates prior to measuring stre’s 76 K, self field 20000
vs. strain. Substrates were pth or 75,m thick, 1 cm wide and g 0.6 [ E_=14Vicm Ni thicknese = 50 m
30 cm long. The apparatus was connected to a servo-hydrauz : : . .
actuator equipped with a 1300 N load cell and a linear variabl 0 40 80 120 160
differential transformer (LVDT) to measure force and displace
ment, respectively. The apparatus was inserader load con-
trol, into a liquid-nitrogen cryostat to ensure stress-free coolifgl > Effect of transverse stress da in YBCO films on pure Ni and
of the sample. To check the accuracy of the measurements, thgat.%Walloy RABITS. The results illustrate the benefits of work-hardening
Young's modulus was determined for stainless-steel tapes abmﬁga{\‘[%%c‘;I?go"siﬂgs";‘r;toemrﬁ:tgsrgl‘sbawee” YBCO coatings on pure Ni and
80 m thick and 3.5 mm wide and was found to be 176 GPa at™ Y '
295 K, 200 GPa at 76 K, and 210 GPa at 4 K. These values are L
consistent with those for type 304 stainless-steel sheets. Uncgr? MPa, whereas the load-unload mode resulted in significant
tainties in determining the Young’s modulus and yield strengfifdradation in/., amounting to about 28% at 100 MPa and
are due mainly to the thickness, and can be estimated to aboat? &t 180 MPa. In thenonotonic-loadingnode, the sample

10%, depending on the variation in thickness along the su}S @ strong frictional support from the pressing anvils. We
strate’s length believe this support prevents the sample from expanding later-

ally. In contrast, the frictional support is significantly reduced
when operating in théoad-unloadmode. In-plane expansion
becomes possible, which may lead to cracking of the buffer
Two modes of application of transverse compressive stressd YBCO layers.
to the sample were used. In thnotonic-loadingnode, stress  In Fig. 2 we show the benefit of work-hardening the sample
was applied to the sample and gradually increased with@utbstrate and compare the response to transverse stress of the
releasing the load between measurement steps. In contrast MBEO coatings on pure Ni versus Ni-5at.%W alloy substrate
load-unload mode consisted of applying stress of a certaimaterials. Sample 3 was loaded first monotonically to 160 MPa,
value to the sample, then releasing it (with both anvils maithen unloaded and measured in tbad-unloadmode up to
taining physical contact with the sample) before reapplyintB0 MPa. In the monotonic loadind, did not degrade (result
it at a higher value. Sample 1 and 2 were measured in thet shown in Fig. 2). During this operation, the pure Ni sub-
monotonic-loadingnode andoad-unloadmode, respectively, strate work-hardened, which substantially improved the toler-
and presented very different behavior (Fig. 1). The monotoramce of this sample to transverse stress as compared to Sample
loading mode produced no degradation .6f up to about 2, which did not receive the work-hardening treatment. Sample

Sample 2; as fabricated <0

Transverse Stress (MPa)

I1l. TRANSVERSECOMPRESSIVESTRESSRESULTS
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Fig. 3. Scanning electron micrograph of YBCO film on bufferpdre  Fig. 4. Scanning electron micrograph of YBCO film on buffered Ni-5at.%W
Ni RABITS substrate after transversestress measurements, showingalloy RABITS substrate aftetransversestress measurements, showing fine
multi-patterned mechanical cracks throughout the sample, both longitudiRgéchanical cracks longitudinal and transverse to the electrical-current flow
and transverse to the electrical-current flow direction. The vertical axis gfrection. These cracks were rare and located mostly near the edges of the
the image coincides with the direction of the electrical current applied to ta@mple. The vertical axis of the image coincides with the direction of the

sample. electrical current applied to the sample.

4 and 5, which had a Ni-5at.%W substrate, exhibited the be 300 ————F————1— T r

tolerance to transverse stress in liwd-unloadmode of all the Ni-3at.%W RABITS o ompe®

samples measured (degradatiori % for Sample 4 an&k 6%  __ 250 | /’* i ]

for Sample 5 at 150 MPa), and this performance was obtain Ni-3a1.%W-2at.%Fe RABITS

without a work-hardening treatment. S 200 / RGN R ]
/2]

These results provide evidence that the mechanical propert §

of the substrate material play a dominant role in determinin® 150

the response of these samples to transverse compressive Stlg
Another possible source for the degradatiow/otould be de- é 100

lamination of the ceramic layers due to application of stres ®

Ni-13at.%Cr RABITS

Pure Ni RABITS

More comprehensive data are still required to draw definitiv 50 ]
conclusions. T=76K

As presented below, the tensile yield strength, Young’'s mot 0 T
ulus, and proportional limit of elasticity of Ni-5at.%W sub- 0 0.2 0.4 0.6 0.8 1
strates are substantially higher than those of pure Ni substrat Tensile Strain (%)

The mechanical properties of work-hardened pure Ni substrates

are also expected to be superior, as compared to the properfigs5. Comparison of stress-strain curves at 76 K of annepled Ni,

of pure Ni substrates without work hardening. For the Samp@gl?:at.%Cr, Ni-3at.%W-2at.%Fe, and Ni-5at.%ANoy RABITS substrates.

measured, the higher values these properties have, the greater

the transverse load required to initiate cracking of the ceran@adew micrometers to about 6@Q0n wide. The cracks were both

layers. These results do not rule out the usefulness of soft sldrgitudinal as well as transverse to the direction of the electric

strate materials. If strong frictional support can be provided twrrent flow (Fig. 3). In the case of coated Ni-5at.%W substrate

the tape, even YBCO films on soft substrates may suffer litttamples exposed to transverse pressing, cracks were rare, lo-

or no damage from transverse stress up to at least 160 M@ated mostly near the sample edges (Fig. 4). Formation of cracks

Nonetheless, it is probably not convenient to provide sufficieiit the stressed ceramic layers is the primary reason for the degra-

frictional support to the tape in many applications. Therefordation of.J..

it is safer to use the more robust Ni-alloy substrate materials in

the coated conductors’ architecture. V. MECHANICAL PROPERTIES OFPURE NI AND NI ALLOY
RABITS SUBSTRATES AT76 K

Stress-strain characteristics were measured plare Ni,

After electromechanical testing, silver was etched away to eMi-13at.%Cr, Ni-3at.%oW-2at.%Fe and Ni-5at.%Wdlloy
pose the YBCO layer. A solution @b%H20,+25%NH,OH+ RABITS substrates at 76 K (Fig. 5). The samples investigated
50%H2O was used for silver etching [14]. The microstructureeceived the same heat treatment as those used for buffer and
of this layer was examined by scanning electron microscoMBCO depositions. Several samples of each material were
(SEM), and regions with cracks were found (Figs. 3 and 4). Foreasured. Average values of the tensile yield strength, Young’s
samples with pure Ni substrates tested undersversestress, modulus, and proportional limit of elasticity are summarized in
the cracked regions were distributed in patches, with sizes frdmable I. The tensile yield strength of Ni-5at.%W is higher than

IV. MICROSTRUCTURESTUDY
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TABLE |
MECHANICAL PROPERTIES AT76 K OF RABITS MATERIALS

(4]

[8]
&p (%) oy (MPa) E (GPa)
[6]
Pure Ni 0.08 59 72
Ni-13at.%Cr 0.15 157 104 7]
Ni-3at.%W-2at.%Fe 0.15 183 128
Ni-5at.%W 0.2 254 128 8]
€p : Proportional limit of elasticity.
oy: Tensile yield strength; 0.02 % offset criterion. 9]

E : Effective Young’s modulus (initial slope of stress vs. strain).

that of pure Ni by more than a factor of 4, whereas the Young’$10]
modulus and proportional limit of elasticity are respectively
higher by factors of 1.8 and 2.5. Also note that in the plastic
regime, the stress increases with strain at a higher rate for pupgt]
Ni than for the measured Ni alloy RABITS materials. Therefore
the work-hardening of pure Ni is greater than that of Ni-W or
Ni-Cr substrates.

[12]
VI. CONCLUSION

The degradation of transport critical-current density from
transversecompressive stress in YBCO coated conductors o1ii3]
bufferedpureNi and Ni-5at.%Walloy RABITS has been inves-
tigated at 76 K and self-magnetic field. Transverse compressivigy;
stress can significantly degradgin YBCO deposited on pure
Ni RABITS unless sufficient frictional support is provided to

the sample. Appropriate work hardening of pure Ni substrateg s

or the use of Ni-5at.%W alloy substrates improves the tolerance
of these conductors to transverse compression.

The microstructure of the samples after electromechanical
testing has shown cracking of the YBCO layer. These crackgse]
are the primary cause for the degradatiow/oflue to stress.

The mechanical properties of annealed pure Ni, Ni-13at.%Cr,
Ni-3at.%W-2at.%Fe, and Ni-5at.%W alloy RABITS substrates

at 76 K have also been measured and tabulated. These results are
given to guide the development of YBCO coated conductors.
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